SUMMARY. The aim of experiments described here was to test whether deactivation of cardiac myofibrils in acidic pH is associated with decreases in amounts of calcium bound to myofilament troponin. We determined the amounts of myofibrillar bound calcium attributable to troponin, from measurements of calcium binding to myofibrils and to myosin and from determination of the troponin C content of the myofibrillar preparations (0.40 nmol troponin C/mg protein). In measurements done at 2 mvi free magnesium, 2 imi (magnesium-adenosine triphosphate, ionic strength 0.12, 22°C, the pCa 50 (-log of the half maximally activating molar free calcium) for myofibrillar magnesium-adenosine triphosphatase activity was 5.87 at pH 7.0, 5.49 at pH 6.5, and 5.04 at pH 6.2. This change in calcium sensitivity of myofibrillar magnesium-adenosine triphosphatase activity was present whether or not ethyleneglycol-bis(/3-aminoethyl ether)-N,N'-tetraacetic acid, was used to buffer the free calcium and whether or not myofibrillar troponin I had been phosphorylated by cyclic adenosine 3',5'-monophosphate-dependent protein kinase. However, the change in pCa 50 of myofibrillar adenosine triphosphatase activity induced by acidic pH, was greater when free magnesium was reduced from 2.0 to 0.05 HIM, and less when free magnesium was increased from 2.0 mM to 10 and 15 mM. The change in pCa 50 with acidic pH was less if the ionic strength was reduced from 0.12 to 0.035 M. The magnesium-adenosine triphosphatase activity of troponin/tropomyosin-free myofibrils was independent of pCa and unaffected by a reduction of pH from 7.0 to 6.5. The affinity of myofibrillar troponin C for calcium decreased as pH was reduced from 7.0 to 6.5 and to 6.2 with and without ethyleneglycolbis(/?-aminoethyl ether)-N,7V'-tetraacetic acid, and in a manner predicted from the effect of acidic pH on pCa 50 for myofibrillar activation. Our results are consistent with the idea that at least part of the mechanism responsible for deactivation of the adenosine triphosphatase activity of cardiac myofilaments in acidic pH is a reduction in the affinity of myofibrillar troponin C for calcium. (Circ Res 55: 382-391, 1984) 
SUMMARY. The aim of experiments described here was to test whether deactivation of cardiac myofibrils in acidic pH is associated with decreases in amounts of calcium bound to myofilament troponin. We determined the amounts of myofibrillar bound calcium attributable to troponin, from measurements of calcium binding to myofibrils and to myosin and from determination of the troponin C content of the myofibrillar preparations (0.40 nmol troponin C/mg protein). In measurements done at 2 mvi free magnesium, 2 imi (magnesium-adenosine triphosphate, ionic strength 0.12, 22°C, the pCa 50 (-log of the half maximally activating molar free calcium) for myofibrillar magnesium-adenosine triphosphatase activity was 5.87 at pH 7.0, 5.49 at pH 6.5, and 5.04 at pH 6.2. This change in calcium sensitivity of myofibrillar magnesium-adenosine triphosphatase activity was present whether or not ethyleneglycol-bis(/3-aminoethyl ether)-N,N'-tetraacetic acid, was used to buffer the free calcium and whether or not myofibrillar troponin I had been phosphorylated by cyclic adenosine 3',5'-monophosphate-dependent protein kinase. However, the change in pCa 50 of myofibrillar adenosine triphosphatase activity induced by acidic pH, was greater when free magnesium was reduced from 2.0 to 0.05 HIM, and less when free magnesium was increased from 2.0 mM to 10 and 15 mM. The change in pCa 50 with acidic pH was less if the ionic strength was reduced from 0.12 to 0.035 M. The magnesium-adenosine triphosphatase activity of troponin/tropomyosin-free myofibrils was independent of pCa and unaffected by a reduction of pH from 7.0 to 6.5. The affinity of myofibrillar troponin C for calcium decreased as pH was reduced from 7.0 to 6.5 and to 6.2 with and without ethyleneglycolbis(/?-aminoethyl ether)-N,7V'-tetraacetic acid, and in a manner predicted from the effect of acidic pH on pCa 50 for myofibrillar activation. Our results are consistent with the idea that at least part of the mechanism responsible for deactivation of the adenosine triphosphatase activity of cardiac myofilaments in acidic pH is a reduction in the affinity of myofibrillar troponin C for calcium. (Circ Res 55: 382-391, 1984) REDUCTION in the pH of the sarcoplasm of adult heart muscle cells is known to result in a reduction in ability of the myofilaments to develop force (Pannier and Leusen, 1968; Steenbergen et al., 1977; Jacobus et al., 1982) , but why this happens is not yet clear. A straightforward hypothesis for the effect of acidic pH on myofibrillar activation is that protons compete with calcium (Ca ++ ) for the sites on troponin (Tn) which regulate actin-myosin interactions (Katz and Hecht, 1969) , yet this idea has not been supported with clear, direct evidence from studies involving measurements of both cardiac myofibrillar activation and Ca ++ binding. Experiments have been done showing significant effects of acidic pH on relations among free Ca ++ , tension development, and ATPase activity of cardiac myofilaments (Donaldson and Hermansen, 1978; Fabiato and Fabiato, 1978; Kentish and Nayler, 1979) , but these studies did not include measurement of myofibrillar Ca ++ binding. Experiments that have investigated the effect of pH on Ca ++ binding to cardiac myofibrillar proteins have been done on solubilized purified troponin (Tn) (Stull and Buss, 1978; Kohama, 1980) ; there have been no detailed studies of the effect of pH on Ca ++ binding to cardiac myofibrils. Moreover, studies of the effect of pH on Ca ++ binding to cardiac Tn in solution (Stull and Buss, 1978; Kohama, 1980) have given conflicting results and have not included parallel measurements of myofibrillar function. For example, experiments reported by Stull and Buss (1978) showed that Ca ++ bound to purified cardiac muscle Tn was reduced by a change in pH from 7.2 to 6.5, but only when measured with the use of ethyleneglycol-bis(/8-aminoethyl ether)N,N'-terraacetic acid (EGTA) as a Ca ++ buffer. In the absence of EGTA, there was no effect of the acidic pH on Ca ++ binding by cardiac Tn. In contrast to these findings, Kohama (1980) Stull and Buss (1978) , it is possible that these shifts would not occur if the measurements were made without EGTA. Second, it is possible that the effect of pH on myofibrillar activation by Ca ++ involves a regulatory site other than Tn. Although not established in heart muscle myofibrils, there is evidence that striated muscle may possess thick filament related Ca ++ regulation (Lehman, 1978) . Finally, the effect of pH on Ca ++ binding by myofibrillar Tn may be different from the effect of pH on Tn in solution. It is apparent that the Ca ++ binding properties of Tn in solution are different from those of Tn in the myofilament lattice (Bremel and Weber, 1972) .
We have recently shown (Blanchard et al., 1984) 
Methods

Preparations
Myofibrils were prepared from the left ventricle of mongrel dog hearts according to the method of Solaro et al. (1971) , which uses the non-ionic detergent Triton X-100 to solubilize membranes. Myofibrils were stored at 4°C and used within 3 days or stored at -20°C in 50% glycerol and used within 1 month. These storage times did not alter the activities we measured. Before experiments, the myofibrils were thoroughly washed by centrifugation and resuspension in 20 volumes of a solution of 60 mti KC1, 30 HIM imidazole (pH 7.0), 2 mM MgCl 2 , and 0.1 mM EGTA and then washed twice in this solution without EGTA. Cardiac myofibrils which were insensitive to Ca ++ ('desensitized myofibrils") were prepared by the method of Lehman (1978) , in which the myofibrillar preparations were washed repeatedly in 5 mM Tris-HCl (pH 8), 1 mM sodium azide until there was dissociation of the troponin-tropomyosin complex as judged by elecrrophoresis on polyacrylamide gels in the presence of sodium dodecyl sulfate (SDS). Cardiac myosin was prepared by the method of Shiverick et al. (1975) .
Assays
ATPase activities of myofibrils and desensitized myofibrils were determined from measurements of inorganic phosphate liberated in 1-ml reaction mixtures, using a modification of the method of King (1938) . The reactions were started by the addition of protein and were stopped at specified times by the addition of 1 ml ice cold 10% 383 trichloroacetic acid (TCA). The reaction mixtures were centrifuged at 1,500 gn, ax for 10 minutes and 0.75-ml samples of the supernatant fraction were added to tubes containing 1.5 ml of 8% perchloric acid. The phosphate color reaction was initiated with the addition of 0.175 ml of 5% ammonium molybdate and 0.075 ml l-amino-2-naphthol-4-sulfonic acid and the absorbance at 660 nm was read after 5 minutes. ATPase reactions were run at 22°C for up to 8 minutes with about 0.5 mg/ml myofibrillar protein. Less than 15% of the ATP was hydrolyzed during these reaction times. The incubation conditions are given in the figure legends.
Calcium binding to myofibrils and myosin was measured with a centrifugation technique essentially as previously described (Solaro and Shiner, 1976; Blanchard et al., 1984) . The incubation conditions are given in the figure legends. A 0.95-ml sample of a batch with KC1, MgCl 2 , Na
CaCl 2 , and protein was added to preweighed centrifuge tubes containing 0.05 ml of 20-fold concentrated solutions of CaCl 2 and EGTA appropriate for the desired free Ca ++ in each tube. Immediately before experiments, all solutions were brought to the described pH (±0.01 pH unit) at 22°C. Reaction tubes were well mixed and centrifuged for 10 minutes at 1,500 g max or 2 minutes at 15,000 g max , depending on the experiment. The radioactivity of a 0.1-ml sample of the supernatant fraction was measured in 10 ml of Aquasol II with a Beckman LSI50 or LS6800 liquid scintillation spectrometer. The remaining supernatant was discarded and the tubes were reweighed to determine the pellet volumes.
45
Ca bound to the protein was extracted by vigorously mixing the pellet with 0.5 ml of 50 mM CaCl 2 . Calcium bound to the protein was calculated from the total added plus contaminant exchangeable calcium and the ratio of Ca in the supernatant and pellet samples. In all experiments, a small concentration of protein in the supernatant fraction was measured and appropriate corrections made in the calculated calcium binding for differences in the fraction of total protein pelleted. Calcium binding measurements were also done in the absence of EGTA as previously described (Blanchard et al., 1984) .
Cardiac myofibrils were phosphorylated as described by Holroyde et al. (1979a) with minor modifications. Myofibrils (2 mg/ml) were incubated for 25 minutes at 30°C with 0.002 mM cAMP, 0.1 mg/ml cAMP-dependent protein kinase, 50 mM Tris-HCl (pH 7.0), 10 mM NaF, 10 mM MgCl 2 , 0.5 mM EGTA, 0.5 mM dithiothreitol (DTT), and 0.5 mM Na + -ATP. Myofibrillar suspensions were then washed three times by centrifugation and resuspension at 4°C with 60 mM KC1, 30 mM imidazole (pH 7.0), 2 mM MgCl 2 , and 10 mM NaF. Assays for ATPase activity immediately followed these washes. We measured 32 P phosphate incorporation into the myofibrils in pilot experiments by a Millipore filtration method described by Daniel and Adelstein (1976) . Incubation conditions for the pilot studies were identical to the conditions for myofibrillar phosphorylation, except that they included 7-32 P-ATP so that specific activity was approximately 10 Ci/mol. 32 P phosphate incorporation was 0.8 nmol pnosphate/mg myofibrillar protein. This level of covalent phosphorylation remained the same during the incubations for measurement of ATPase activity. Autoradiograms showed incorporation into Tnl and a 150,000 Mr protein, presumably C-protein (Jeacock and England, 1980 sorption spectrophotometer, with an air-acetylene flame. Standards and unknowns without protein contained 1% LaCl 3 ; if the unknown solution contained protein, 1% LaCl 3 and 1% trichloroacetic acid were present in all standards and unknowns. The method of additions was used to determine the calcium concentration of a solution in the following way: 10 ml of the unknown solution was prepared and centrifuged at 1500 g max for 10 minutes to pellet precipitates. Two-milliliter aliquots of the supernatant were placed in four polystyrene tubes, and calcium was added to bring the added calcium concentrations to 0, 10, 25, and 50 nmol calcium/ml. The x-intercept of the regression line generated by a plot of added CaC^ concentrations vs. absorbance of the unknown solutions "spiked' with calcium is the contaminant calcium concentration.
The Chelex resin (Biorad) was prepared by washing with 1 N HC1, followed by 1 M MgCl 2 , in order to establish Mg ++ as the counter-ion bound to Chelex, as described by Briggs and Fleishman (1965) .
Polyacrylamide Gel Electrophoresis
Gel electrophoresis in the presence of SDS was carried out according to the method of Laemmli (1970) . Alkaline urea polyacrylamide gels were used to measure the TnC content of the myofibrils as previously described (Blanchard et al., 1984) . The gels were run according to a modified method of Perrie et al. (1973) and contained 7.5% acrylamide (0.8% bis-acrylamide), 8 M urea, 25 mM Tris (pH 8.3), and 192 mM glycine. Gel samples were dialyzed against 1 liter of 8 mM urea and 25 mM Tris (pH 8.3) for 5 hours. Samples for electrophoresis contained 2 mM EGTA, 10 mM /3-mercaptoethanol, 2.5% glycerol, and 0.01% bromophenol blue. Gels were prerun for 30 minutes at 150 V (constant voltage) before loading 200-300 ng myofibrillar protein per tube. Samples were electrophoresed toward the anode for 90 minutes at 150 V (constant voltage) and then stained in the same way as the SDS gels. A cardiac TnC standard was prepared in the same way, and 1-4 fig of troponin C were loaded per tube. The troponin C was prepared from bovine heart essentially as described by Stull and Buss (1978) and Holroyde et al. (1980) . The electrode buffer was 25 ITIM Tris (pH 8.3) and 192 mM glycine. Gels were scanned with a scanning densitometer (Biomed Instruments) with the tungsten lamp and a 520-nm filter. Areas under absorbance peaks were measured by weighing the peaks. All protein concentrations of gel samples were determined by the method of Lowry et al. (1951) , after dialysis with by means of a calculator program described by Fabiato and Fabiato (1979) . Absolute stability constants used in the program are those compiled by Fabiato [Table 1 (1981) ] in which the logio of the stability constants of hydrogenligand complexes have been increased by 0.12, as discussed by Tsien and Rink (1980) . Added CaCl 2 and EGTA concentrations were varied to achieve various pCa's. Incubation conditions are given in the figure legends.
Statistical Analysis
Experiments comparing the effects of changes in pH, Mg ++ , and protein phosphorylation on myofibrillar ATPase activity and bound Ca ++ were done in parallel with control measurements appropriate for the particular experimental study. Results are presented as means ± SEM. Statistical significance of differences was determined by Student's f-test or one-way analysis of variance, with the level of significance set at a probability of 0.05. In the case of the experiments in which we measured relations between pCa and ATPase activity at various pH's, differences were determined after normalization of the data for a particular experiment to maximum ATPase activity and fitting of the data to the Hill equation. Differences between means of the half-maximally activating free Ca ++ were tested for significance using one-way analysis of variance. the pCa-activity curves as pH was reduced from 7.0 (Fig. 1A ). There were no significant decreases in the maximal ATPase activities (Table 1) . In Figure IB , we show the pCa-ATPase activity curves normalized to 100% activity. The normalized data were fit by least squares regression to the Hill equation (Hill, 1910) . The pCa at half-maximal activation (pK, pCa 50 ) at the various levels of pH, and the Hill "n" values, are summarized in Table 1 . Lowering the pH from 7.0 to 6.5 resulted in a somewhat steeper pCaATPase activity curve, as indicated by a significant increase in the Hill "n* value; however, there were no further changes in this parameter as pH was lowered from 6.5 to 6.2 or 6.0. Shifts in the pCaATPase activity relations with changes in pH fit reasonably with previous data (Donaldson and Hermansen, 1978; Fabiato and Fabiato, 1978; Kentish and Nayler, 1979) .
We also measured the influence of pH on the pCa-ATPase activity relation without the use of EGTA as a Ca ++ buffer (Fig. 2) . We reduced the total contaminant Ca ++ in the incubation media and in the myofibrillar preparations from about 4 nmol/ml to 1-2 nmol/ml by passing reagents through col-
Results
Characterization of the Effects of pH on Cardiac Myofibrillar ATPase Activity
We first wished to establish and characterize the effect of acid pH on the pCa-ATPase activity relation of dog cardiac myofibrils with our incubation conditions. There was a significant rightward shift of umns of Chelex-100 and by dialyzing myofibrils against Chelex-100. Our calculation of the free Ca ++ with EGTA-free incubation media treated with Chelex gave a pCa of 6.5, and the ATPase activity of the myofibrillar preparations was what one would expect from measurements at pCa 6.5 buffered with EGTA. As Ca ++ was added to the incubation solutions without EGTA, the ATPase activity at pH 7.0 increased essentially as expected from the measurements with EGTA (Fig. 2) . Moreover, a change in pH from 7.0 to 6.5 resulted in a nearly identical shift in the pCa-% maximum ATPase activity curve as had been obtained in the presence of EGTA. Similar results were also obtained when activities were compared at pH 7.0 and 6.2 in the absence and presence of EGTA. Thus, the effect of acidic pH on the ATPase activity of cardiac myofibrils is not due to artifacts related to the EGTA buffer system.
Our hypothesis is that the effects of acidic pH on Ca ++ activation of cardiac myofibrillar ATPase activity shown in Figures 1 and 2 (Lehman, 387 1978) . To test this idea in our preparations, we isolated dog cardiac myofibrils free of the troponintropomyosin complex. Although the data in Figure  3 show that these preparations bind Ca ++ over the pCa range studied, their Mg ++ -ATPase activity was insensitive to Ca ++ and was about the same at pH 7.0 and pH 6.5.
To characterize further the influence of acidic pH on Ca ++ activation of cardiac myofibrils, we varied the level of myofibrillar Tnl phosphorylation, ionic strength, and free Mg ++ of our incubation media. The change in pCa 50 for activation of myofibrillar ATPase activity induced by reduction of the pH from 7.0 to 6.5 was nearly the same whether or not the myofibrils had been phosphorylated by incubation in cAMP and cAMP-dependent protein kinase (Fig. 4) . Phosphorylation of Tnl resulted in a reduced sensitivity of the myofibrillar ATPase to Ca ++ as previously shown (Holroyde et al., 1980; Mope et al., 1980) but did not modify the effect of a reduction in pH from 7.0 to 6.5 on Ca ++ sensitivity. Therefore, Tnl phosphorylation and acidic pH appear additive in causing rightward shifts of the pCa-activity relation in cardiac myofibrils. The effect of a change in pH from 7.0 to 6.5 on the pCa 5 o for Ca ++ activation of myofibrillar ATPase activity was reduced when ionic strength was lowered from 0.12 to 0.035 ( 5). At pH 7.0, this reduction in ionic strength resulted in an increase in the maximum ATPase activity from 26 ± 2 nmol Pj/mg per min (« = 14) to 68 ± 5 (n = 4) and a leftward shift of the pCa-activity relation (ApCa 50 = 0.33 unit). At pH 6.5, the increase in the maximum ATPase activity as a result of the reduction in ionic strength was from 22 nmol Pj/mg per min (« = 10) at ionic strength 0.12 to 54 ± 0.005 (n = 4) at ionic strength 0.035. The decrease in maximum ATPase activity with a decrease in pH from 7.0 to 6.5 was significant at ionic strength 0.035 but not at ionic strength 0.12 (Table 1 ). In Figure 6 , we show results of experiments in which we measured the effect of acidic pH on Ca ++ activation of cardiac myofibrils in 0.05, 2, 10, and 15 mM free Mg ++ ; the change in pCa 50 for pH 7.0 vs. 6.5 was reduced as free Mg ++ was increased.
The Effect of Acidic pH on Ca ++ Binding to Myofibrillar TnC
Measurement of Ca ++ binding to myofibrillar TnC requires an estimate of the contribution of myofibrillar myosin to measured amounts of Ca ++ binding. Although it is possible to greatly reduce Ca ++ binding to myosin by doing the measurements in relatively high (5-15 mM) free Mg ++ , data reported in Figure 6 show that raising free Mg ++ reduces the effect of acidic pH on the pCa 5 o for ATPase activity. We therefore measured Ca ++ binding to both intact myofibrils and to myosin at 2 mM free Mg ++ . The amounts of Ca ++ bound to these two preparations, together with an estimate of the TnC and myosin content of the myofibrils, permits a measure of Ca ++ binding to myofibrillar TnC as a function of pCa and pH.
We determined the myofibrillar TnC content by electrophoresis of myofibrillar preparations and pure cardiac TnC on alkaline-urea gels in the presence of low free Ca ++ achieved by adding 2 mM EGTA to the running buffer. Under these conditions, TnC migrates well ahead of other myofibrillar proteins in a well-defined disc (Fig. 7) . Densitometric scans of stained gels containing a range of TnC concentrations provided a standard for determination of TnC content in myofibrillar preparations, which we measured to be 0.40 ± 0.04 nmol TnC/ mg myofibrillar protein in 10 preparations.
Results of measurements of myofibrillar Ca ++ binding at pH 7.0, 6.5, and 6.2 are shown in Figure  8 . Upon reduction of the pH.from 7.0 to 6.5, there was a consistent, but relatively small, decrease in myofibrillar bound Ca ++ . As noted previously in our study of skeletal myofilaments (Blanchard et al., 1984) , this result fits our estimates of the magnitude of change in myofibrillar bound Ca ++ that could give rise to the shifts seen in the pCa-ATPase activity relations. Lowering pH from 7.0 to 6.2 resulted in a significant decrease in Ca binding over a broad range of pCa's. Included in the data at pH 7.0 and 6.2 are measurements done without EGTA showing a simCirculation Research/Vol. 55, No. 3, September 1984 _ o By subtracting these values from total Ca ++ binding to the myofibrils, we determined the titration of myofibrillar TnC at pH 7.0 and 6.2 (Fig. 9) . In Figure  10 , we show the relation between Ca ++ bound to myofibrillar Tn and relative ATPase activity at pH 7.0 and 6.2. The curves overlay each other, suggesting that acid pH shifts the affinity of the regulatory site(s) for Ca ++ ; with equivalent amounts of Ca ++ bound to myofibrillar Tn, relative activity was nearly the same.
Discussion
The main conclusion we make from our results is that the effect of acidic pH on the sensitivity of cardiac myofibrillar ATPase activity is related quantitatively to a change in Ca ++ binding to myofibrillar TnC. The shifts in pCa 50 of ATPase activity with changes in pH fit reasonably well with the magnitude of shifts in pCa 50 for Ca ++ binding to sites on Tn (Fig. 9) . Moreover, our plot of the relative activation of ATPase activity as a function of Ca ++ bound to Tn (Fig. 10 ) was essentially the same at . pH 7.0 and 6.2, which indicates that activation of ATPase activity is a similar function of Ca ++ bound to Tn at neutral and acidic pH. Results of other studies (Stull and Buss, 1979; Kohama, 1980) have, however; indicated that the effect of pH on the Ca ++ sensitivity of cardiac myofibrillar tension on ATPase activity might not be due to changes in Ca ++ bound to TnC. These studies showed no effect of acidic pH on Ca ++ binding to isolated TnC (Kohama, 1980) and Tn complex (Stull and Buss, 1978) . One problem with this past work is that the Tn preparations used in the measurements had a Ca ++ binding stoichiomerry of 2 mol/mol TnC, and it now seems clear that cardiac TnC binds 3 mol Ca + + /mol (VanEerd and Takahashi, 1976; Holroyde et al., 1980) over the pCa range activating myofibrils. It is thus possible that these studies may have missed effects of acidic pH on a Tn-Ca ++ binding site regulating myofibrillar activity. This is especially important in view of evidence that not all the Ca ++ binding sites of pure cardiac Tn are affected equally by reductions in pH (Robertson et al., 1978) . Yet, there are data indicating that H + and Ca ++ do not directly exchange when binding to pure skeletal TnC. For example, Potter et al. (1977) reported only a small release of protons upon addition of Ca ++ to solutions containing Ca ++ free TnC at neutral pH. In any case, there is a general problem with extending results from studies on the effect of pH with isolated Tn to Tn in myofibrils. Myofibrillar TnC-Ca ++ binding is affected by its neighbors on the thin filament (Holroyde et al., 1980; Potter and Zot, 1982) and interactions between thin filament and crossbridges (Bremel and Weber, 1972) , and it seems likely that effects of pH on these modifiers of TnC-Ca ++ binding may result in changes that would not be detected in studies using pure TnC.
We think the inhibition of Ca ++ binding to myofibrillar TnC by acidic pH may involve allosteric effects on the proteins involved in the transduction of the Ca ++ binding signal from TnC to crossbridge. Evidence for this idea comes from experiments showing essentially no effect of acidic pH on the pCa-ATPase activity relation of myofibrils from prenatal dog hearts (Blanchard and Solaro, 1981) , and relatively little effect on this relation in slow muscle (soleus) myofibrils (Donaldson and Hermanson, 1978; Blanchard and Solaro, 1981) . Troponin C is the same in adult heart and slow skeletal muscles (Wilkinson, 1980) , and appears to be the same in adult and prenatal dog hearts (Blanchard and Solaro, 1981) , so that variability in the effect of acidic pH on the pCa 50 for myofibrillar ATPase activity may be due to binding of protons to sites on proteins other than TnC, e.g., Tnl, that vary among these muscle types. Other evidence suggesting that the influence of acidic pH on myofibrillar sensitivity to Ca ++ may involve protein-protein interactions, comes from results presented in Figure 5 which showed that the effects of acidic pH on the pCa 50 for myofibrillar ATPase activity is diminished in relatively low ionic strength. As evident from the increased maximum myofibrillar ATPase activity, upon reduction of the ionic strength from 0.12 to 0.035, there is an increase in the apparent affinity of actin for myosin. Our results suggest that this increase in affinity alters the ability of protons to influence Ca ++ binding to TnC. Along these lines, we have previously shown ) that 389 myofibrillar affinity for Ca ++ is enhanced with a reduction of ionic strength from 0.14 to 0.05, whereas the same change in ionic strength has no effect on Ca ++ binding to pure thin filaments and to pure myosin. Fabiato and Fabiato (1978) also concluded from their study of pH effects on the pCatension relation of skinned heart muscle cells that acidic pH modifies the myofilament proteins, independent of its effects on Ca ++ binding to Tn. They showed that the inhibition of maximum tension by acidic pH could not be reversed by Ca ++ , but was reversed by return to neutral pH. Moreover, Ca ++ independent rigor tension at pMgATP 5.5 was inhibited when pH was reduced from 7.0 to 6.2. We found (Fig. 1 ) no significant differences in maximum ATPase activity for myofibrils in ionic strength 0.12 at pH 7.0, 6.5, and 6.2, although the mean activity was lower at pH 6.2 vs. pH 7.0. Kentish and Nayler (1979) also reported no significant differences in the maximum ATPase activity of dog cardiac myofibrils at pH 7.0 and pH 6.4. However, acidic pH did reduce the maximum ATPase activity of our myofibrillar preparations when studied in ionic strength 0.035. This result agrees with results of Tonomura et al. (1962) , who showed that acidic pH inhibits binding of myosin to actin.
The only reasonable alternative to Tn as the Ca + + binding site regulating myofibrillar activity is the P light chain of cardiac myosin, and we examined whether effects of acidic pH on myofibrillar activity might involve thick filament-related Ca ++ regulation. The P light chain binds Ca ++ at pCa's associated with full activation of myofibrils (Holroyde et al., 1979b) , and there is evidence that this Ca + + binding may confer an extra degree of Ca ++ sensitivity to myofibrils (Lehman, 1978) . Although Ca ++ binding to cardiac myosin was pH sensitive, the change in bound Ca ++ caused by acidic pH (Fig. 8 ) could not account for the overall change in myofibrillar bound Ca ++ . Moreover, in our hands the ATPase activity of myofibrils that were treated by the method of Lehman (1978) to remove troponin and tropomyosin showed no Ca ++ sensitivity at neutral or acidic pH. In any case, Ca + + exchange with the myosin P light chain has a half-time of 12.5 seconds (Bagshaw and Reed, 1977) , which is too slow to occur during a beat of the heart. In the case of cardiac Tn, Ca ++ exchange with the low affinity site is fast enough to occur during a beat .
Our data showing that the ability of acidic pH to alter the Ca ++ sensitivity of myofibrillar ATPase activity as a function of free Mg ++ , but not the level of Tnl phosphorylation, are important with regard to the in situ actions of hydrogen ions in heart cells. As shown in Figure 6 , the lower the free Mg ++ , the greater the effect of acidic pH on Ca ++ sensitivity of myofibrillar ATPase activity, a result we take as evidence that Mg ++ and H + compete for the site influencing TnC-Ca ++ binding. The exact Mg ++ con-centration within heart cells is not known with certainty. Past estimates suggest that free Mg ++ is in the range of 1-2 mM (Polimeni and Page, 1973) , but recent studies indicate that intracellular Mg ++ of muscle cells might be as low as 0.2 mM (Maughan, 1983) . Moreover, it has been reported that Mg ++ leaks from heart cells during ischemic episodes (Polimeni and Page, 1973) . Our results also predict that phosphorylation of Tnl and acidic pH are additive in their effects on the Ca ++ sensitivity of myofibrillar ATPase activity. Apparently, protons, at least between pH 7.0 and pH 6.5, do not influence the protein-protein interactions by which phosphorylation of Tnl decreases Ca ++ binding to TnC . During the fall in contractility associated with ischemia, there are increases in H + ion concentration (Poole-Wilson, 1978; Jacobus et al., 1982) and cAMP levels (Wollenberger et al., 1969; Dobson and Mayer, 1973) so that the influence of acidic pH on the Ca ++ sensitivity of myofibrillar activity might be made worse by the possibility that Tnl also becomes phosphorylated. However, extrapolation of the results presented here to the ischemic myocardium must be done with caution, since there is evidence that myofibrillar proteins, such as troponin I, may be lost in the ischemic heart (ToyoOka and Ross, 1981).
